Magneto-resistance and Hall resistance measurements have been carried out in fast-cooled single crystals of Bi 2 Se 3-x Te x (x = 0 to 2) in 4 -300 K temperature range, under magnetic fields up to 15 T. The variation of resistivity with temperature that points to a metallic behaviour in Bi 2 Se 3 , shows an up-turn at low temperatures in the Te doped samples. Magneto-resistance measurements in Bi 2 Se 3 show clear signatures of Shubnikov -de Hass oscillations that gets suppressed in the Te doped samples. In the Bi 2 SeTe 2 sample, the magneto-resistance shows a cusp like positive magneto-resistance at low magnetic fields and low temperatures, a feature associated with weak anti-localisation (WAL), that crosses over to negative magneto-resistance at higher fields. The qualitatively different magneto-transport behaviour seen in Bi 2 SeTe 2 as compared to Bi 2 Se 3 is rationalised in terms of the disorder, through an estimate of the carrier density, carrier mobility and an analysis in terms of the Ioffe-Regel criterion with support from Hall Effect measurements.
Introduction
Topological insulators (TI) are a new class of materials in which band inversion in the bulk band structure, gives rise to a metallic state at the surface, that has a unique Dirac dispersion with its spin locked to its momentum [1] [2] [3] [4] . Following the initial elegant experiments using angle resolved photoemission spectroscopy (ARPES) [5] [6] [7] [8] and scanning tunnelling microscopy (STM) [9] that provided an unambiguous evidence for the presence of Dirac dispersed 2D states, the current interest in this field has shifted to exploring the novel transport properties of 2D surface states (SS).
Observation of quantum phenomenon in magneto-resistance (MR) such as Shubnikov-de Hass oscillation (SdH) and weak anti-localisation (WAL), a positive cusp at the vicinity of zero field, are unique signatures of the SS in TI. However, the true nature of the SS is often masked by the parallel bulk conductance from excess carriers due to anti-site disorders and vacancies [10, 11] . In addition, different defects levels in surface and bulk can lead to the formation of two dimensional electron gas (2DEG) at the bulk/surface interface due to band bending [12] and mimic the 2D surface states.
Previous reports showed that Se vacancies (V Se ) and Se Bi anti-site disorders are the predominant donor-type defects in Bi 2 Se 3 system in all growth conditions, whereas in Bi 2 Te 3 , p-type anti-site disorders Te Bi /Bi Te , are energetically more favourable as compared to the vacancies [11] . Therefore, alloying these end compounds compensates the bulk defect states and result in a bulk insulating state as it is observed in Bi 2 SeTe 2 ternary [13] . Our earlier studies in Bi 2 Se 3 with excess Se, had clearly indicated that, stacking faults which has formed due to excess Se seem favourable in the manifestation of the surface state in the transport behaviour [14] .
In the present study, we investigate the magneto-resistance behaviour of disordered Te substituted Bi 2 Se 3 along with Hall Effect measurements. It is shown that the metallic behaviour seen in an undoped Bi 2 Se 3 changes to an insulating behaviour with Te doping. In addition, the SdH oscillations seen in the undoped sample disappears with Te doping. Excess Te composition sample, Bi 2 SeTe 2 exhibits a WAL to weak localization (WL) crossover with field and a non-linear slope in Hall Effect measurement at 4.2 K. The results of the present studies are rationalized in terms of electronic disorder introduced by Te doping which is quantified by the Ioffe-Regel parameter (k f l), mobility and carrier density and their evolution with temperature.
Experimental details
Single crystals of Bi 2 Se 3-x Te x (with x=0, 1, 1.8 and 2) were grown using high purity (99.999%) Bi, Se and Te powders as starting materials. To accomplish the growth, stoichiometric mixtures of elements were melted at 850˚C for 6 hours in an evacuated sealed quartz tube environment, followed by rapid cooling at the rate of 137 o C/hour. This step of rapid cooling is drastically different from the other reports in the literature [13, 15] and it is intended to introduce disorder in the system. Synchrotron Xray diffraction measurements were carried out on the powdered single crystal samples at room temperature, at the beam line BL-12 of the Indus-2 synchrotron in Indore, India, using 12. 6 keV Xrays. The powdered crystals were placed in a circular depression made on Kapton tape. The data was collected using a MAR3450 image plate detector in the transmission geometry. Fit2D program was employed to convert the 2D image from the image plate detector to 1D Intensity versus 2 plot. In addition, single crystals were characterized by Laue diffraction measurements, carried out in transmission and reflection geometry using molybdenum X-ray source and HD-CR-35 NDT image plate system.
Magneto-transport and Hall measurements were carried out in both, the van der Pauw geometry and six-probe linear geometry in a commercial, 15 T Cryogen-free system from Cryogenic Ltd., UK. For the transport measurements, the cleaved crystal was pasted on a puck holder using double sided tape.
Electrical contacts were made using a 20 micron Au wires with room temperature-cured silver paste.
With a special switching and scanning unit from Keithley Instruments, both resistivity and Hall Effect measurements were carried out on each of the single crystals, simultaneously. Repeated experiments on randomly selected crystals showed similar behaviour providing support for the results presented in this paper. with a discernible saturation in resistivity below 30 K. Such a saturation tendency at low temperature has been reported to stem from the excess carriers from Se vacancies in the sample [15] . In the experiments by Ren et al. [17] using different preparation procedure a weak upturn in resistivity at low temperature is reported. In the Bi 2 Se 1.2 Te 1.8 and BTS samples, the positive temperature coefficient of resistivity at high temperatures changes to a negative temperature co-efficient as the temperature is lowered. The temperature dependence of resistivity (T) and its order of magnitude are different from that reported by Ren et al. [13, 15] for BTS sample where resistivity changed by two orders of magnitude and clearly showed activation behaviour at high temperature and a 3D variable range hopping (VRH) at low temperature. In our experiments, the low temperature upturn of high Te concentration sample was best fitted with Mott VRH type behaviour for temperature range 30 -130 K, as shown in figure   2 (b). The data could also be fitted with Arrhenius activation behaviour for similar temperature range as shown for BTS sample in the inset of figure 2(b) and the activation energy was found to be 1.5
meV. Since the temperature range for fit is too narrow, we are not in a position to unequivocally establish the mechanism of transport (VRH/ Arrhenius) from the present data. It is seen from the inset of figure 2(a) that the resistivity at 300 K increases with Te content, a behaviour that can arise due to a reduction in the carrier concentration and/or a suppression of the carrier mobility. In order to understand the reason for the change in resistivity behaviour with Te addition, Hall Effect measurements were carried out. Figure 3 shows the Hall resistance as a function of magnetic field at various temperatures in the pristine and Te doped samples. In the pristine Bi 2 Se 3 sample, Hall resistance is linear with magnetic field and is nearly temperature independent (see figure 3 (a) figure 3 (c)-(d) ), the Hall resistance shows a non-linear behaviour with respect to applied magnetic field at low T, suggestive of presence of transport from two types of carriers [13] . Effect measurements (cf. figure 2 and 3) , the carrier concentration (n) and the mobility () of carriers are evaluated using the following relations:
, e is the charge of electron in coulombs, is resistivity in ohmcm. Further, from the resistivity and the carrier concentration we evaluate the Ioffe-Regel parameter [12] given by = (3 ) ( ) where k f is the Fermi wave vector and l is the electron mean free path. The variation of carrier density (n), mobilityand k f l as a function of temperature is shown in figure 4 and their variation as a function of Te content at 4.2 K is shown in the right panel. The oscillation frequency, thus deduced, is found to decrease from 188 T for Bi 2 Se 3 to 115 T for [19] . The MR of x=1.8
shows a positive slope up to ~10 T and changes to a negative slope for B > 10 T. The x= 2 sample shows more pronounced positive cusp for -2T< B < 2 T, reaches a maximum at 2 T, and then starts to decrease on increasing the field similar to WL. It has been shown from earlier studies [19, 20] that the cusp like positive magneto-resistance behaviour attributed to WAL gives way to negative magneto-resistance on account of opening of band gap at the Dirac point due to magnetic impurity [21] , or due to hybridisation of the bottom and top surface states in very thin samples [18, 22] . As our sample is neither thin film nor has any magnetic impurities, we could rule out such interpretation of the WAL-WL crossover.
To obtain insight into the observed MR results, Hall measurements on the same samples are displayed in figure 5 (b) . It is seen that Hall resistance versus magnetic field is linear, which implies that transport occurs due to a single type of carrier in samples (x=0,1). In contrast, the larger Te substituted samples (x=1.8, 2) shows a non-linearity in the Hall versus magnetic field plot which points to the two carrier behaviour. Interestingly, the emergence of two carrier transports in figure 5 (b), correlates with the presence of transition from positive to negative magneto-resistance in figure 5 (a). Such non-linear behaviour has already been observed in similar TI samples and is reported to be due to the parallel contribution of both surface and bulk carrier to the transport [13, 15, 17, 23] .
Therefore to account for the mixed surface and bulk carriers, the Hall data of BTS sample (x=2) is fitted with the standard two band model using following equation [13] . sample, the mobility is high (See figure 4) and this is conducive to the observation of SdH oscillations. The addition of Te introduces an electronic disorder in Bi 2 Se 3-x Te x systems, which in turn reduces their electronic mobility and the mean free path (See figure 4) . The decrease in the mean free path (l e ) makes it conducive for the condition l  > l e (l  : phase coherence length ) to be met leading to the quantum corrections to the transport, viz., the WAL behaviour that points to the involvement of topological surface state in the transport behaviour [12] . With the increase of magnetic field, this WAL feature is seen to transform to the WL behaviour -as has been observed in other experiments [18, 24] . As seen in figure 6 , the change from WAL to WL occurs when the Hall resistance shows a non-linear behaviour, that requires analysis in terms of two carrier transport involving both the surface and bulk electrons [19] . The significant result from the present experiments is that there is a change from SdH to WAL behaviour with Te doping, which has been attributed to the electronic disorder. This is one of the few experiments where SdH to WAL transition is seen through variation of disorder. Also we believe that electronically manipulating the Fermi level in BTS sample by gating experiments at low temperatures will allow us to control the surface/bulk contribution, which in turn will shed more light on the WL and WAL phenomenon in a disordered TI system.
